Six rare-earth nickel alumogermanides RNiAl 4 Ge 2 (R = Gd, Tb, Dy, Ho, Tm, Lu) were synthesized by arc melting and their crystal structures were studied by X-ray powder diffraction. They are isotypic to SmNiAl 4 Ge 2 , Pearson symbol hR24, space group R-3m. The structures of the RNiAl 4 Ge 2 compounds can be described as formed by two types of alternating slabs. The first type of slab is built up of cubes of composition Al 8 , every second cube being centered by a Ni atom, and the second one is formed by octahedra of composition Ge 6 , every second octahedron being centered by an R atom.
Introduction
In the R-Ni-Al-Ge systems, where R is a rare-earth metal, 29 quaternary compounds have been reported [1] [2] [3] . The structures of these alumogermanides belong to ten different structure types, among which six are defined on quaternary compounds: Er 5 Ni 3 Al 3 Ge 4 (Pearson symbol oP30, space group Pmmn) [4] , Y 3 NiAl 3 Ge 2 (hP9, P-62m) [5] , Tb 2 NiAl 4 Ge 2 (tI18, I4/mmm) [6] , Ce 2 NiAl 5.77 Ge 2.64 (tI38, I4/mmm) [6] , SmNiAl 4 Ge 2 (hR24, R-3m) [7] , and Pr(Ni 0.2 Al 0.5 Ge 0.3 ) 2 (oS6, Cmm2) [8] . The first five types are characterized by well-defined compositions and complete ordering of the atoms in the structures, whereas the last type exhibits Ni/Al/Ge atom disorder. Complete rows of isotypic alumogermanides are not known for any types. The hexagonal Y 3 NiAl 3 Ge 2 type has the largest number of representatives in the R-Ni-Al-Ge systems (9 compounds, R = Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu [2, 9] ). The tetragonal Tb 2 NiAl 4 Ge 2 type has 8 representatives (R = Y, Sm, Gd, Dy, Ho, Er, Tm, Yb [3, 10] ), the rhombohedral SmNiAl 4 Ge 2 type has two isotypic compounds, with Y and Er [7, 10] , whereas the other three structure types are the only representatives of the types they define. The heavy rare-earth elements form a larger number of compounds (22) than the light rare-earth elements (7) .
The aim of the present work was to search for new representatives of the structure type SmNiAl 4 Ge 2 in R-Ni-Al-Ge systems. It is interesting to note that compounds adopting this structure type have also been observed in some R-Au-Al-Ge systems (R = Ce, Nd, Gd, Er) [11] .
Experimental
Samples of nominal composition R 12.5 Ni 12.5 Al 50 Ge 25 (R = Sc, La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Tm, Yb, Lu) were synthesized from the elements (purity for R ≥ 99.75, Ni ≥ 99.99, Al ≥ 99.998, Ge ≥ 99.999 mass%) by arc melting in a water-cooled copper crucible with a tungsten electrode under a purified argon atmosphere (using Ti as a getter). The ingots were annealed at 600°C under vacuum in quartz ampoules for 1 month and subsequently quenched in cold water. The weight loss during the preparation of the samples was less than 1 % of the total mass, which was 1 g for each alloy.
The crystal structures of the new compounds were established by X-ray powder diffraction. Data for polycrystalline samples were collected on an automatic diffractometer STOE STADI P (Cu Kα 1 radiation, λ = 1.5406 Å, in the angular range 6 ≤ 2θ ≤ 110.625° with step 0.015° and scan time 250 s). The structural parameters were refined by the Rietveld method [12] , using the program DBWS [13] . The elemental compositions of the phases in the sample with Ho were determined by energy-dispersive X-ray spectroscopy on a scanning electron microscope REMMA-102-02. The structure drawings were made with the program ATOMS [14] .
Results and discussion
The X-ray phase analysis of the alloys annealed at 600°C showed that the samples with Gd, Tb, Dy, Tm, and Lu were single-phase and contained the compound RNiAl 4 Ge 2 , which is new for these rareearths. The crystal structures effectively belong to the SmNiAl 4 Ge 2 type. In addition to the new compound HoNiAl 4 Ge 2 , the sample with Ho contained a small quantity (2 mass%) of a secondary phase, Ni 2 Al 3 (Fig. 1 ). The compositions of both phases were confirmed by EDX analysis. The samples with Sc, La, Ce, Pr, Nd, Eu, and Yb were multi-phase alloys and did not contain the phase RNiAl 4 Ge 2 . Based on the X-ray diffraction data, the structural parameters of the compounds RNiAl 4 Ge 2 (R = Gd, Tb, Dy, Ho, Tm, Lu) were determined. 
The cell parameters of all known quaternary alumogermanides
RNiAl 4 Ge 2 isotypic with SmNiAl 4 Ge 2 are listed in Table 1 . The cell parameters refined for the new compounds RNiAl 4 Ge 2 (R = Gd, Tb, Dy, Ho, Tm, Lu) are in good agreement with those reported in the literature for YNiAl 4 Ge 2 [7] , SmNiAl 4 Ge 2 [7] , and ErNiAl 4 Ge 2 [10] . As expected, the cell parameters decrease with decreasing radius of the rare-earth metal [15] from Sm to Lu. Details of the structural refinements (pseudo-Voigt function for profile), refinable atomic coordinates and displacement parameters of the six new compounds RNiAl 4 Ge 2 are presented in Table 2 . A comparison of the experimental and calculated diffraction diagrams for HoNiAl 4 Ge 2 is shown in Fig. 2 . Relevant interatomic distances for the six new compounds and the corresponding coordination polyhedra are presented in Table 3 . The structure of the compounds RNiAl 4 Ge 2 belongs to the family of structures with cubic coordination of the smallest atoms (here the Ni atoms), which corresponds to class #8 of the classification by P. Kripyakevich [16] . The Ni atoms are located at the centers of cubes formed by Al atoms. According to the database Pearson's Crystal Data [1] , a similar atomic environment of Ni atoms is observed in six other structure types, defined on quaternary and ternary compounds: Tb 2 NiAl 4 Ge 2 [6] , Ce 2 NiAl 5.77 Ge 2.64 [6] , Sm 2 Ni(Ni 0.27 Si 0.73 )Al 4 Si 6 (tP28, P4/nmm) [17] , Y 3 TaNi 6+x Al 26 (cP49, Pm-3m) [18] , Dy 4 Ni 9 Al 24 (aP39, P-1) [19] , and YbNi 3 Al 9.23 (hR81, R32) [20] (Fig. 3) .
In the tetragonal Tb 2 NiAl 4 Ge 2 [6] and rhombohedral SmNiAl 4 Ge 2 [7] structure types the atoms are wellordered; the Ni atoms occupy only one Wyckoff position. In the tetragonal structure type Ce 2 NiAl 5.77 Ge 2.64 [6] , the different elements also occupy distinct sites, but two of the atom sites are partly occupied. (9) 4.08419 (7) 30.8699 (7) 4.08274 (7) 30.7857 (7) 4.07878 ( Fig. 3 The structure type SmNiAl 4 Ge 2 and related quaternary structure types, emphasizing the arrangement of Ni-centered cubes Al 8 .
In the tetragonal structure type Sm 2 Ni(Ni 0.27 Si 0.73 )Al 4 Si 6 [17] the Ni atoms are situated on two sites belonging to different Wyckoff positions; the first one is occupied exclusively by Ni atoms, while the second one is occupied by a statistical mixture of Ni and Si atoms. In the cubic structure type Y 3 TaNi 6+x Al 26 [18] the Ni atoms are also located in two Wyckoff positions; the first one is only partly occupied by Ni atoms, whereas the second one is part of a split site occupied by a statistical mixture of Ni and Al atoms. The triclinic Dy 4 Ni 9 Al 24 [19] and rhombohedral YbNi 3 Al 9.23 [20] structure types have an ordered distribution of the chemical elements, but some sites are partly vacant.
In the above mentioned structures the Al 8 cubes are connected by common edges and centered by Ni atoms, forming slabs. This arrangement of cubes in a slab corresponds to the simple CaF 2 -type structure, where the space is completely filled by F 8 cubes, but every second cube is empty [21] . The structure type Y 3 TaNi 6+x Al 26 represents an exception, since in this structure the cube of Al atoms, centered by a Ni atom, is located at the centre of the cell and is isolated from other cubes. The other quaternary structures can be considered as formed by two types of slab, alternating along the crystallographic direction [001]. Similar slabs of Al 8 cubes are present in all these structures, but the slabs of cubes are separated by different slabs. In the structure of SmNiAl 4 Ge 2 the second type of slab can be seen as formed by octahedra of composition Ge 6 , with every second octahedron centered by a Sm atom. In the structure of Tb 2 NiAl 4 Ge 2 the second slab is built from slightly deformed empty cubes of composition Tb 4 8 cube is connected to four others by sharing edges, forming walls with the thickness of the side-length of one cube. In the structure of SmNiAl 4 Ge 2 the cubes are oriented so that a cube diagonal is perpendicular to the slab. Each cube is connected to six other cubes via common edges, so that corrugated slabs are formed.
The ternary structures of Dy 4 Ni 9 Al 24 and YbNi 3 Al 9.23 can be described as three-dimensional packings of slightly deformed cubes of composition Al 8 centered by Ni atoms. Dy or Yb and additional Al atoms are located in the voids of the framework.
Conclusions
The structure of the quaternary compounds RNiAl 4 Ge 2 (R = Gd, Tb, Dy, Ho, Tm, Lu) belongs to the SmNiAl 4 Ge 2 type. The structure of the SmNiAl 4 Ge 2 type may be described as formed by slabs of Ni-centered cubes Al 8 , alternating with Sm-centered octahedra Ge 6 . Ni-centered cubes Al 8 seem to be a particularly stable structural element since similar cubes are observed in the structures of other quaternary and ternary aluminides with rare-earth metal and nickel, as shown for the types Tb 2 NiAl 4 Ge 2 , Ce 2 NiAl 5.77 Ge 2.64 , Sm 2 Ni(Ni 0.27 Si 0.73 )Al 4 Si 6 , Y 3 TaNi 6+x Al 26 , Dy 4 Ni 9 Al 24 , and YbNi 3 Al 9.23 . The quaternary structures, with the exception of Y 3 TaNi 6+x Al 26 , can be considered as formed by two types of slab alternating along the crystallographic direction [001], one of them being built up of Ni-centered cubes Al 8 . The ternary structures can be described as a 3D-stacking of slightly deformed Ni-centered cubes Al 8 .
